Single-carrier transmission with frequency-domain equalization (SC-FDE) is widely known as a promising transmission technique providing low error probability with low peak-to-average power ratio (PAPR) of transmit signal. However, the low-PAPR property of SC-FDE cannot be maintained if multi-level data modulation is introduced. The low-PAPR property of SC-FDE can be maintained by applying transmit filtering with roll-off factor at the expense of spectrum efficiency. In this paper, we propose two types of selected mapping (SLM) to reduce the PAPR of SC-FDE transmit signal. The first SLM technique is conducted in the frequency domain, where the phase rotation is applied to subcarriers similar to the SLM technique for orthogonal frequency division multiplexing transmission. The second SLM technique is conducted in the time domain, where the phase rotation is applied directly to data-modulated symbol sequence. Computer simulation confirms that both SLM techniques are able to reduce the PAPR of SC-FDE signal without significant degradation of bit-error rate performance and spectrum efficiency.
INTRODUCTION
Distributed antenna network [1] , which achieves high spectrum efficiency (SE) and energy efficiency, is considered as a promising network architecture for the fifth-generation system. However, broadband wireless channel is characterized as a frequency-selective fading channel, in which inter-symbol interference significantly degrades the biterror rate (BER) performance [2] . Orthogonal frequency division multiplexing (OFDM) [3] is a robust multicarrier transmission technique, but its high peak-to-average power ratio (PAPR) of transmit signal is the main drawback. On the other hand, single-carrier transmission with frequency-domain equalization (SC-FDE) [4] is attractive for uplink communication because of its lower PAPR, while the use of FDE can effectively suppress the impact of inter-symbol interference.
Peak-to-average power ratio of SC signal becomes higher as higher level modulation is used. PAPR increases by 1 dB in SC-FDE when the modulation level is changed from 4 quadrature amplitude modulation (QAM) to 16 QAM [5] . This fact indicates the necessity of PAPR reduction technique even for SC transmission. Even though distributed antenna network can reduce the transmit power because of shorter range of transmission, PAPR reduction remains a significant issue in fifth-generation in order to further reduce the power consumption of linear power amplifier at the mobile terminal. We are also aiming at achieving very low-PAPR transmission (for example, 3 dB lower than the conventional SC-FDE) in uplink transmission in order to further improve the energy efficiency of user equipment. In general, PAPR of SC signal can be reduced by applying pulse shaping. Square-root raisedcosine (SRRC) pulse with roll-off factor of 0.5 can achieve 2 dB reduction of transmit PAPR in 16 QAM modulation [6] , but the pulse with roll-off factor of 0.5 requires 1.5 times of transmission bandwidth and consequently degrades SE. Many transmit filtering techniques providing lower PAPR than SRRC pulse have been proposed as the techniques [7, 8] , but the PAPR reduction is obvious only when high roll-off factor is used. A transmit filtering based on minimum variance of instantaneous transmit power criterion can reduce the PAPR without SE degradation [9] , but the PAPR reduction is marginal.
The existing PAPR reduction techniques for SC-FDE [7] [8] [9] are spectrum inefficient as discussed previously. This motivated us to develop a spectrum-efficient PAPR reduction technique for filtered SC signals. A simple approach is to study the PAPR reduction techniques for OFDM transmission. Many PAPR reduction techniques were extensively studied for OFDM transmission such as clipping [10] and coding [11] . However, these techniques still have drawbacks: clipping intentionally generates waveform distortion, and coding requires redundant bits. Among various PAPR reduction techniques, selected mapping (SLM) [12, 13] is very attractive because it is a small-overhead, distortionless PAPR reduction technique with simple implementation by applying phase rotation to the subcarriers. It is shown in [12, 13] that the SLM can effectively reduce the PAPR of OFDM signal with moderate computational complexity, and its PAPR-complexity tradeoff is much better than partial transmit sequence technique [14] . However, the SLM technique has been extensively studied only for OFDM signal.
In this paper, we introduce two approaches for implementing SLM in SC-FDE transmission and propose two SLM techniques corresponding to those implementation approaches for reducing the PAPR of SC-FDE signal. The first SLM technique is implemented by utilizing the fact that SC-FDE signal can be generated in frequency domain, that is, by inserting discrete Fourier transform (DFT) into conventional OFDM transmitter as a linear precoder [15] . This technique is called frequency-domain SLM (FD-SLM). The frequency components obtained by DFT are multiplied with a selected phase rotation pattern before performing inverse DFT (IDFT). The phase rotation pattern that provides the minimum PAPR is selected. The BER performance is kept intact; however, the transmission of so-called side information is necessary. On the other hand, the second SLM technique is implemented by utilizing the fact that the peak power of SC-FDE signals depends on an arrangement of data symbols in a transmission block [16] . In the second SLM technique, the phase rotation pattern is directly multiplied to data-modulated sequence block in time domain, in order to eliminate the symbol arrangement that causes high peak power. This technique is called the time-domain SLM (TD-SLM). The resultant time-domain transmit block candidates after multiplying each phase rotation pattern are pulse shaped by Nyquist pulse (which is equivalent to a process of applying a band-limited filtering in frequency domain), and then the best phase rotation pattern that provides the minimum PAPR is selected.
The novelty and contribution of this paper can be summarized as follows:
A problem of high-PAPR signal in SC-FDE due to higher level modulation and then, the requirement of spectrum-efficient PAPR reduction technique for SC-FDE are discussed. To reduce the PAPR without significant SE degradation, two PAPR reduction techniques based on SLM for SC-FDE are proposed. This is our new contribution in this paper. The multiplication of selected phase rotation pattern can be carried out either in frequency domain or time domain. We also would like to mention that the phase rotation used in conventional SLM [12, 13] for OFDM signal is available only in frequency domain. Performance evaluations of SC-FDE using the proposed SLM techniques are performed by computer simulation in aspects of PAPR, BER, throughput and computational complexity and are compared with that of the conventional SC-FDE (DFT-precoded SC-FDE) and SRRC-filtered SC-FDE. The evaluation results show that the proposed SLM techniques can reduce the PAPR of SC-FDE signals without significant degradation on BER and throughput performances. The TD-SLM provides lower PAPR than FD-SLM if the same number of phase rotation patterns is used. The analysis on PAPR reduction effects of both FD-SLM and TD-SLM is also provided in order to clarify why the TD-SLM gives lower PAPR than FD-SLM. Note that the SLM requires moderate computational complexity, and the study of complexity reduction is left as our future works because the problems of PAPR and spectrum efficiency are considered as higher priority than computational complexity in this paper.
The remaining of this paper is organized as follows. FD-SLM algorithm and its application in multi-level modulated SC-FDE are explained in Section 2. TD-SLM algorithm and its application in SC-FDE are described in Section 3. Section 4 shows the performance evaluations. Finally, Section 5 concludes the paper.
SC-FDE USING FD-SLM
An explanation of FD-SLM algorithm, together with its implementation in conventional SC-FDE block transmission, is provided in this section. Transmitted and received signal blocks are represented as column vectors, where the signal processing in each stage is represented by matrix throughout this paper.
FD-SLM algorithm
Selected mapping [12, 13] has been introduced as a frequency-domain-based distortionless PAPR reduction technique with small overhead. In this paper, an FD-SLM is implemented to SC-FDE transmission, where the phase rotation is applied to the frequency-domain SC signal after DFT and prior to IDFT. The FD-SLM algorithm and its signal processing are simply illustrated by PAPR
where V is oversampling factor. According to Figure 1 In addition, the phase-rotation matrix for the first candidate P 0 is set to be an N c N c identity matrix I N c as a representative of original transmit block, where the other candidates are generated either in deterministic or random approach. We assume the phase rotation pattern to be real valued and unit magnitude, that is,
The reason of setting P u .k/ as real valued is to reduce the number of complex-valued multiplication of the transmitter, especially when the low-PAPR SC-FDE are expected to be exploited in uplink communication. The unit-magnitude property is required in order to meet transmit power constraint. In this paper, we use a set of phase rotation patterns generated randomly, which is confirmed in [17, 18] , where it provides the best PAPR reduction performance.
The 
Note that the matrix and vector representations for transmit signal processing will be described in more details in Section 2.2.
Transceiver system model
Single-user N c -length SC-FDE block transmission with N g -length cyclic prefix (CP) insertion is considered in this paper. DFT and IDFT are employed in the transceiver for reaching frequency-domain processing, at which the transmit filtering and receive FDE can be applied as simple one-tap multiplication. The SC-FDE using FD-SLM transceiver is illustrated in Figure 2 .
Transmitter.
Transmitter of SC-FDE equipped with FD-SLM is shown in Figure 2 
where the N c -point DFT matrix F N c is given by , (4) and its Hermitian transpose represents an inverse operation. Next, D is multiplied by transmit filtering matrix H T D diagOEH T .0/, : : : , H T .N c 1/. We assume the transmit filtering in this paper to be SRRC filtering with roll-off factor D 0, that is, ideal rectangular filtering, resulting in
The filtered signal S is then used as input signal in FD-SLM algorithm as described in Section 2.1 and Figure 1 . The candidates are generated by multiplying S with P u , u D 0 U 1, following by IDFT operation for obtaining the time-domain transmit block candidates s u . Selection is employed by referencing to (2) for obtaining the time-domain transmit block providing the lowest PAPR among U candidates, that is, s O u , together with the selected phase rotation pattern P O u . In summary, the time-domain transmit signal after passing through all processes
In case that H T is SRRC filtering with roll-off factor˛D 0, (6) can be simplified as
Finally, the last N g samples of transmit block are copied as a CP and inserted into the guard interval, then a CPinserted signal block of N g C N c samples is transmitted.
Receiver.
The wireless propagation channel in this paper is assumed to be a symbol-spaced L-path frequency-selective block fading channel [2] , where its impulse response is given by
where h l and l are complex-valued path gain and time delay of the l-th path, respectively. ı. / is the delta func-
where
. E s is symbol energy, and n is noise vector in which each element is zero-mean additive white Gaussian noise having the variance 2N 0 =T s with T s is symbol duration and N 0 being the one-sided noise power spectrum density. Channel response matrix h is a circular matrix representing time-domain channel response, which is h D 2 6 6 6 6 6 6 6 6 6 6 6 4
The received signal is transformed into frequency domain by N c -point DFT, obtaining the frequency-domain received signal vector
where the frequency-domain channel response H c is
Frequency-domain equalization based on minimum mean-square error criterion (MMSE-FDE) is multiplied to R O u in order to mitigate the effect of frequency-selective fading. The FDE is represented by N c N c diagonal matrix
1/, which is equivalent to simple one-tap multiplication. The FDE weight with respect to each frequency index W R .k/ are derived so as to minimize the mean-square error between frequencydomain transmit signal D (defined by (3)) and received
It is observed from (13) that the information of channel response, transmit filtering coefficient, and the selected phase rotation pattern are indispensable. In general, the receiver knows H c .k/ through channel estimation [19] , where the transmit filtering coefficient is predetermined. To inform the receiver about the phase rotation pattern, at least log 2 U bits are required as a side information containing the pattern number. We assume the perfect channel estimation and ideal side information detection (i.e., error-free side information detection) in this paper for simplicity. Finally, the frequency-
SC-FDE USING TD-SLM
In this section, an explanation of TD-SLM algorithm and its implementation in SC-FDE are provided. The TD-SLM algorithm is different from the FD-SLM because the generation of transmit block candidates (i.e., phase rotation) is employed in time domain. This also results in the difference between the transceivers of SC-FDE using TD-SLM and SC-FDE using FD-SLM.
TD-SLM algorithm
The TD-SLM algorithm and its signal processing are depicted in 
It is observed that (15) is different from (2) because P u is multiplied before DFT operation. Note that the matrix and vector representations for transmit signal processing in (15) will be described in more details in Section 3.2.
Transceiver system model
Similar to Section 2.2, single-user N c -length block transmission with N g -length of CP insertion is assumed. In a system using TD-SLM, time-domain symbols are mapped by multiplying with phase rotation pattern prior to applying DFT. Transceiver system model of SC-FDE using TD-SLM is shown in Figure 4 .
Transmitter.
Transmitter of SC-FDE using TD-SLM is shown in Figure 4 
where 
where N c -point DFT matrix F N c is already defined in (4 
In addition, if H T is SRRC filtering with roll-off factor˛D 0, (18) can be simplified as
Receiver.
The propagation channel is assumed to be the same as in Section 2.2, that is, a symbol-spaced L-path frequencyselective block fading channel [2] , where its impulse response and channel response matrix are represented by 
where (18) . The received signal vector r O u is transformed into frequency domain by N c -point DFT, obtaining the frequency-domain received signal R O u as
where H c is already defined in (12) . MMSE weight matrix W R D diagOEW R .0/, : : : , W R .N c 1/ is applied at the receiver in order to reduce the effect from frequency selectivity. The equalized signal
It is observed that the MMSE-FDE weight in (22) is different from (13) because the selected phase rotation pattern P u is not considered; meanwhile, the de-mapping is employed in time domain instead. The frequency-domain equalized signal O D O u is then transformed back into time domain by N c -point IDFT, yielding time-domain equalized signal vector before applying de-
Finally, de-mapping is applied in order to obtain the original time-domain transmit block. De-mapping is simply performed by multiplying the time-domain equalized signal with the Hermitian transpose of selected phase rotation pattern matrix, obtaining time-domain received vector
Similar to FD-SLM, it is observed from (24) that the receiver needs to know which phase rotation pattern is selected at the transmitter; otherwise, de-mapping cannot be organized accurately and consequently leads to BER degradation. This indicates that explicit side information transmission is also indispensable in TD-SLM.
In summary, the similarity and difference among conventional SLM technique in OFDM transmission [12] , the proposed FD-SLM, and TD-SLM for SC-FDE transmission can be described as follows.
The main concept of the conventional SLM technique in OFDM transmission and the proposed SLM techniques for SC-FDE are similar; in other words, those SLM techniques aim to increase the degree-offreedom of PAPR of transmit signal by generating the transmit signal candidates by multiplying the various phase rotation patterns to the original signal. However, candidate generation and the places where the multiplication of phase rotation pattern are carried out for each SLM techniques are different. For example, in OFDM transmission, phase rotation pattern is multiplied to frequency components where each component contains data-modulated symbol. In SC-FDE transmission using FD-SLM, phase rotation pattern multiplication is applied to frequency components, but each component contains the DFT-precoded data-modulated symbols. In contrast, phase rotation pattern multiplication is applied directly to time-domain data-modulated symbol (not subcarrier) in SC-FDE using TD-SLM. We also would like to mention that the original SLM method for OFDM signal does not employ phase rotation pattern multiplication in time domain.
In addition, we would like to leave the computational complexity problem as our future work because the problems of PAPR reduction is considered as higher priority than computational complexity.
PERFORMANCE EVALUATION
Numerical and simulation parameters are summarized in Table I . We assume 4 QAM, 16 QAM, and 64 QAM SC block transmission with the number of available subcarriers N c D 64. Oversampling factor for PAPR evaluation is assumed to be V D 8. System performances of conventional SRRC filtered SC-FDE, SC-FDE using FD-SLM, and SC-FDE using TD-SLM are evaluated in terms of PAPR of transmit signal, average BER (uncoded), throughput, and computational complexity.
Peak-to-average power ratio
The complementary cumulative distribution function (CCDF) of PAPR was first obtained. Then, the PAPR value at CCDF = 0.001, called PAPR 0.1% , is found and discussed. Figure 5 shows the PAPR 0.1% performances of SC-FDE using FD-SLM and SC-FDE using TD-SLM, as a function of number of candidates (U) and with various data modulation levels. The original SC-FDE mentioned in this paper refers to the DFT-precoded SC-FDE; in other words, the transmit signal processing is carried out by inserting the DFT into the conventional CP-inserted OFDM transmitter. The SC-FDE signal produced by inserting DFT as a precoder into the OFDM transmitter is used in LongTerm Evolution wireless network [20] . Its PAPR value is equal to the case when U D 1 (equivalent to transmission without SLM) in Figure 5 . The PAPR 0.1% of conventional SC-FDE is 7.5 dB for 4 QAM, 8.4 dB for 16 QAM, and 8.6 dB for 64 QAM. For comparison and analysis on PAPR of SC-FDE signals, the PAPR 0.1% of OFDM transmission using FD-SLM assuming 16 QAM modulation is plotted. TD-SLM is not available for OFDM signals because time-domain signal after IDFT is already pulse shaped and there is no change on PAPR when phase rotation pattern is multiplied. The CCDF of PAPR of OFDM signal can be approximated by using the central limit theorem to assume that the real and imaginary parts of time-domain signal follow a Gaussian distribution [12, 21] , where the CCDF can be expressed by prob.PAPR > z/ 1 .1 e z /ˇN c . Here, N c represents the number of subcarriers andˇis an approximation parameter for oversampling, which is set to beˇD 2.3 [22] . The CCDF of PAPR of OFDM using FD-SLM can be approximated by assuming that all the phase-rotated transmit blocks are independent to each other and is expressed by prob.PAPR FD-SLM > z/ OE1 .1 e z /ˇN c U , where U is the number of phase rotation patterns [22] .
In addition, it is shown in [12, 13] that the SLM can effectively reduce the PAPR of OFDM signal with moderate computational complexity and its PAPR-complexity trade-off is much better than partial transmit sequence technique [14] . Therefore, SLM can be considered as a strong candidate among other PAPR reduction techniques for OFDM transmission and consequently has potential to be a promising PAPR reduction technique for SC-FDE signal. To the best knowledge of the authors, the PAPR reduction for SC-FDE has not been extensively examined except the use of transmit filtering [6] [7] [8] [9] . Therefore, in this paper, the SRRC filter [6] is used as a reference in performance comparison.
It is observed from Figure 5 that PAPR 0.1% decreases when U increases in OFDM using FD-SLM, SC-FDE using FD-SLM, and TD-SLM. It can be seen that more than 3 dB reduction of PAPR compared with the original SC-FDE can be achieved when U D 512. This is because increasing U leads to an increasing of degree-of-freedom, and hence results in higher probability to obtain a low-PAPR signal from transmit candidates. In addition, there are two more observations obtained from the results in Figure 5 : the first one is the PAPR 0.1% of OFDM using FD-SLM and SC-FDE using FD-SLM becomes converging to the same value when U is large, and the second one is TD-SLM outperforms FD-SLM by achieving lower PAPR in every modulation level and number of phase rotation patterns. The reasons for supporting the aforementioned two observations can be analyzed by referring the following computer simulation results. Figure 6 shows the CDF of PAPR reduction effects defined by the difference between the PAPR of the transmit signal, which is phase rotated by the selected phase rotation pattern (i.e., SLM output signal) and that of the original transmit signal, that is, PAPR.s O u / PAPR.s/, where s O u is defined in (6) and (18) . The number of phase rotation patterns is assumed to be U D 64 and assuming 16 QAM modulation. It is obviously seen that the OFDM using FD-SLM achieves the best PAPR reduction performance, following by the SC-FDE using TD-SLM and SC-FDE using FD-SLM, respectively. The result in Figure 6 is consistent with Figure 5 as the OFDM using FD-SLM can significantly reduce the PAPR as up to 4.3 dB of PAPR reduction is achievable, while up to 2.0 and 3.1 dB of PAPR reduction are achievable in SC-FDE using FD-SLM and TD-SLM, respectively. The reason is because the original OFDM signal has high PAPR, resulting in higher probability to obtain a phase rotation pattern among U patterns, which can reduce the PAPR. On the other hand, there is probability that no phase rotation pattern can reduce the PAPR among U patterns in SC-FDE because the original SC-FDE signal has low PAPR. The phenomenon that there is no phase rotation pattern among U patterns, can reduce the PAPR is obviously seen in SC-FDE using FD-SLM as the probability that the reduction efficiency is 0 dB is approximately 30%. Figure 7 shows the complex envelope of transmit signal (6) and (18), in I-Q plane assuming U D 64, N c D 16, and 4 QAM modulation. The transmit complex envelope of conventional SC-FDE, SC-FDE using FD-SLM, and SC-FDE using TD-SLM are plotted from the same set of data-modulated symbols. It is seen from both Figure 7 (a) and (b) that the complex envelope of SC-FDE using FD-SLM and TD-SLM travel in narrower range compared with that of the conventional SC-FDE, resulting in lower peak amplitude and lower PAPR. In addition, it is seen that the complex envelope of SC-FDE using TD-SLM always pass through the original transmit signal constellations (here is 4 QAM constellations), where some parts of SC-FDE using FD-SLM does not pass through the original constellations. This is because applying phase rotation to SC-FDE signal in time domain always results in the phase-rotated signal which maintain original modulation scheme, for example, applying the phase rotation to 4 QAM data-modulated transmit block always obtains 4 QAM data-modulated symbols. By maintaining the original modulation level, the amplitude of resulting phase-rotated signal is bounded, and then, candidate generation via multiplication of phase rotation patterns can reach the nearly optimal solution, while the amplitude of SLM, selected mapping; TD-SLM, time-domain SLM; FD-SLM, frequency-domain SLM; QAM, quadrature amplitude modulation; PAPR, peak-toaverage power ratio; SC-FDE, single-carrier transmission with frequency-domain equalization; SRRC, square-root raised-cosine.
phase-rotated signal in SC-FDE using FD-SLM becomes close to Gaussian random variable (similar to OFDM using FD-SLM). Regarding to the aforementioned discussion, SC-FDE using TD-SLM has potential to achieve lower PAPR than FD-SLM.
In general, an optimal U for achieving a particular PAPR 0.1% value needs to be discussed to avoid insufficient computational complexity and side information bits. In this paper, the optimal U for achieving a particular PAPR 0.1% value is discussed in three approaches: the optimal U for achieving PAPR 0.1% Ä6 dB, the optimal U for keeping the PAPR 0.1% of multi-level modulated SC-FDE to be less than or equal to that of 4 QAM-modulated SC-FDE, and the optimal U for keeping the PAPR 0.1% to be less than or equal to that of SRRC filtered SC-FDE with˛D 0.22. The optimal U for those three aspects are shown in Table II , where the TD-SLM gives lower U than FD-SLM in every comparison. Figure 8 shows the PAPR 0.1% performance comparison between SLM using real-valued phase rotation pattern (i.e., e j0 and e j ) and SLM using complex-valued phase rotation. We assume 16 QAM modulation, while complexvalued phase rotation with phase rotation interval of 90 ı (i.e., e jÂ where Â D 0,˙ =2, ) and 45 ı (i.e., e jÂ where Figure 8 . PAPR performance of complex-valued phase rotation patterns. TD-SLM, time-domain selected mapping; FD-SLM, frequency-domain SLM; PAPR, peak-to-average power ratio; SRRC, square-root raised-cosine; QAM, quadrature amplitude modulation.
Â D 0,˙ =4,˙ =2, ) are used for comparison. It is obviously seen in Figure 8 that there is no difference of PAPR 0.1% performance even though the phase rotation pattern is real valued or complex valued in both FD-SLM and TD-SLM. This result is also consistent with [18] and assuming OFDM transmission that the SLM provides the best performance when the phase rotation is discrete and uniformly distributed over OE0, 2 /. Regarding to this simulation result, the use of real-valued phase rotation is attractive because it can reduce the unnecessary complexvalued multiplication operation because of candidate generation without degrading PAPR performance.
BER performance
To confirm that the proposed SLM algorithms for SC-FDE provide BER preservation property, BER perform a function of average received bit energy-to-noise power spectrum density ratio
, where N mod represents modulation level (two for 4 QAM, four for 16 QAM, and six for 64 QAM), of SC-FDE using FD-SLM and TD-SLM at U D 512 are shown in Figure 9 and compared with conventional SC-FDE. Ideal side information detection is assumed in this paper. It is obviously seen from Figure 9 that the BER performances of conventional SC-FDE, SC-FDE using FD-SLM, and SC-FDE using TD-SLM are the same, indicating that the SLM algorithms can reduce the PAPR without degrading the BER. To achieve the BER preservation property, however, up to log 2 U-bit of side information needs to be transmitted in order to achieve an accurate de-mapping at the receiver. The side information should be coded by using forward error-correction coding. However, this further degrades the throughput [23] . The impact of side information on throughput performance will be discussed in the next subsection.
Throughput performance
In this subsection, the throughput performances of SC-FDE using SLM algorithms are initially evaluated by average throughput performance as a function of peak transmit E s =N 0 , where the throughput performance in bps/Hz is defined as follows [24] ;
where PER is packet-error rate and N SI is the number of required side information symbols, which is assumed to be N SI D d.log 2 U/=N mod e. Uncoded side information transmission and ideal side information detection are assumed for simplicity. The packet length is assumed to be 3072 bits in this paper. The peak transmit E s =N 0 is considered because it refers to the required peak transmit power of a power amplifier, while the peak transmit E s =N 0 is defined as a summation of average received E s =N 0 and PAPR 0.1% [5] . Figure 10 shows the throughput performances as a function of peak transmit E s =N 0 of the conventional SC-FDE, SRRC filtered SC-FDE with˛D 0.22, and SC-FDE using the proposed SLM. The number of candidates for both TD-SLM and FD-SLM are set as the minimum U for keeping the PAPR 0.1% to be less than or equal to that of SRRC filtered SC-FDE with˛D 0.22 (Table II) , except in case of 4 QAM-modulated SC-FDE using FD-SLM where U is set to be 512 (the maximum value considered in this paper).
In Figure 10 (a), it can be observed from the figure that SRRC filtered SC-FDE with˛D 0.22 achieves better throughput performance because of its low-PAPR property. However, its peak throughput degrades by a factor of 1/(1+˛). SC-FDE using FD-SLM can provide similar throughput performance at low peak E s =N 0 region compared with SRRC filtered SC-FDE with˛D 0.22 (except in 4 QAM case), where there is a slight peak throughput degradation as a result from side information.
In Figure 10 (b), it is seen that SC-FDE using TD-SLM provides similar throughput performance to SRRC filtered SC-FDE with˛D 0.22 at low peak E s =N 0 region in every modulation scheme. TD-SLM requires less number of candidates (U) than FD-SLM for achieving the same PAPR performance, which is equivalent to less side information bits. This contributes to improving the peak throughput, even though the resulting peak throughput is still slightly less than conventional SC-FDE.
